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h  i g  h  l  i  g  h  t  s
• F doped  ZnO  nano-powders  were
obtained by  a modified  sol–gel
method.
• These  materials  were  found  to  be
effective  against  S. aureus  and  E. coli.
• Enhanced  visible  light  photocatalytic
and  antimicrobial  properties  were
obtained.
• The  toxic  effect  of  ZnO  on  bacteria  can
be due  to the release  of  zinc  cations.
• Production  of reactive  oxidation
species  influences  bacterial  viability.
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a  b  s  t r  a  c  t
Nanocrystalline  ZnO  photocatalysts  were  prepared  by a  sol–gel  method  and  modified  with  fluorine
to  improve  their  photocatalytic  anti-bacterial  activity  in visible  light.  Pathogenic  bacteria  such  as
Escherichia  coli  (Gram-negative)  and  Staphylococcus  aureus  (Gram-positive)  were  employed  to  evalu-
ate  the  antimicrobial  properties  of synthesized  materials.  The  interaction  with  biological  systems  was
assessed  by analysis  of the  antibacterial  properties  of bacteria  suspended  in  2%  (w/w)  powder  solu-
tions.  The  F-doping  was  found  to  be  effective  against  S. aureus  (99.99%  antibacterial  activity)  and  E. coli
(99.87%  antibacterial  activity)  when  irradiated  with  visible  light.  Production  of  reactive  oxygen  species
is one  of  the  major  factors  that  negatively  impact  bacterial  growth.  In addition,  the  nanosize  of the  ZnO
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particles  can  also  be toxic  to microorganisms.  The  small  size  and  high  surface-to-volume  ratio of  the  ZnO
nanoparticles  are  believed  to  play a  role  in  enhancing  antimicrobial  activity.
© 2015  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Environmental pollution has become one of the major prob-
lems in developing and developed countries around the world.
Traditionally sedimentation, coagulation or methods based on
adsorption, have been used in treatment of industrial wastes. How-
ever, due to a number of drawbacks these methods often do not
meet requirements of stringent quality standards [1–3]. As a result,
in recent years continuous efforts have been made to develop inno-
vative technologies in order to remediate polluted environment.
Among them, photocatalysis serves as an attractive tool due to its
efficiency and relatively low cost [4]. Currently the most widely
used and studied photocatalyst is titanium dioxide (TiO2). How-
ever, several studies have reported that zinc oxide (ZnO) can also
serve as a suitable alternative, mainly due to its low cost and the
ability to absorb a larger fraction of the solar spectrum than TiO2
[5–7].
Zinc oxide (ZnO), a wide band gap semiconductor (3.37 eV), has a
vast range of applications which include but are not limited to pho-
tocatalysts [8], varistors [9,10], pharmaceutical products [11], and
lasers [12]. As a photocatalyst, in the presence of UV radiation, ZnO
facilitates production of reactive oxygen species (ROS) on its surface
[13]. During photocatalysis, the initial reaction starts with UV irra-
diation of the semiconductor. Light with photonic energy greater
than the band gap of a semiconductor metal oxide (e.g., ZnO), can
excite an electron from the filled valance band (VB) to the empty
conduction (CB) band. This excitation of electrons from VB to CB
results in the formation of an excited electron (e−, CB)—positive
hole (h+, VB) pair. The e− CB can reduce oxygen from the sur-
rounding environment to form superoxide radicals (•O2−) and then,
with the aid of hole (h+ VB), singlet oxygen (1O2) can be formed.
The h+ VB can also react with water to produce hydroxyl radicals
(•OH), hydrogen peroxide (H2O2), or protonated superoxide radical
(•HO2). Hydrogen peroxide can further react with •OH radicals to
form •HO2 [14,15]. The reactive oxygen species (ROS) such as •OH,
1O2, •O2−, •O2H, H2O2 can cause decomposition of bacteria through
various actions [16,17]. In biological systems, antimicrobial action
of ROS is achieved by lipid peroxidation of the cell membrane and
subsequent inactivation of the microorganisms [18]. As the antimi-
crobial activity of ZnO has also been observed in the absence of light,
it is thus assumed that production of ROS is not the only mecha-
nism of its activity and other factors such as the impact of Zn2+ ions
could play an important role [16].
It is known that by modifying the band gap, the photocatalytic
properties of ZnO can be changed and tailored to a specific appli-
cation. For example doping with low concentration of fluorine
can significantly improve its photocatalytic activity in visible light,
increase the mobility of ROS carriers and hence enhance the antimi-
crobial activity of ZnO in environments void of UV radiation [18].
Although the antimicrobial property of ZnO has already gained sig-
nificant attention [19–21], its photocatalytic activity in visible light
still requires improvement. The aim of this investigation was there-
fore to synthesize fluorine-doped nanoparticulate ZnO powder via
a sol–gel route and to explore the effect of this process on ZnO
with respect to its antimicrobial activity against selected pathogens
under visible light conditions.
2. Materials and methods
2.1. Preparation of nanopowders
All reagents for synthesis were purchased from Sigma–Aldrich.
A sol–gel method was used for the synthesis of ZnO and fluorinated
(F-doped) ZnO with varying molar ratio of trifluoroacetic acid (TFA)
was used as the precursor. In a typical experiment, zinc acetate
dihydrate (10.9 g) was mixed with absolute ethanol (300 ml)  at the
temperature of 75–78 ◦C (mixture A). Simultaneously, oxalic acid
dihydrate (12.6 g) was dissolved in ethanol (200 ml) at room tem-
perature (mixture B). For the fluorination to take place, TFA was
added during the preparation of mixture B (mixture F–B) in an ade-
quate amount: 3.8 ml  and 7.68 ml  for ZnO:TFA 1:1 and ZnO:TFA 1:2,
respectively. Unmodified nanopowders were synthesized by com-
bining mixtures A and B only. The obtained xerogels were dried at
80 ◦C for 24 h and next calcined at 500 ◦C for 2 h in the air. There
have been three batches of powders prepared in order to evaluate
the reproducibility of the ZnO synthesis. The phase composition
of obtained powders evaluated by XRD did not change between
batches. The elemental concentrations were not found to be varied
from synthesis to synthesis.
2.2. Characterization
X-ray Diffraction (XRD) analysis was performed using Siemens
D-500 X-ray Diffractometer, in the diffraction angle range (2)
between 20◦ and 80◦, with CuK radiation source. Particle size (L)
was calculated using the Scherrer equation:
L = k
 ˇ cos 
where L = crystallite size [nm], k = constant related to the crystal-
lite shape,  = X-ray wavelength [nm], and  ˇ = full width at half
maximum of a peak in radian located at any 2 in the pattern [22].
Infrared spectra were collected using a Spectrum GX Spec-
trometer to identify functional groups present in nanopowders.
Morphology of the nanopowders was  analyzed using Scanning
Electron Microscope (Hitachi SU-70) operating at 20 kV. X-ray pho-
toelectron spectroscopy (XPS) was  performed using ThermoVG
Scientific Theta Probe spectrometer using monochromatic Al K
radiation (photon energy 1486.6 eV). All spectra were charge ref-
erenced against the C1s peak at 285 eV to correct for any charging
effects during data acquisition. Quantitative surface chemical anal-
yses were calculated from the high resolution, core level spectra
following the removal of a non-linear (Shirley) background. The
Avantage software was used which incorporates the appropriate
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Fig. 1. Emission spectrum of the incandescent A (150 W Tungsten Halogen) light
source used in experiment.
sensitivity factors and corrects for the electron energy analyzer
transmission function. The BET surface areas of the heat-treated
(500 ◦C) samples were carried out using a Micromeritics Gemini ®
VII V3.03 surface area analyzer operating at liquid nitrogen temper-
ature after degassing the samples for two hours at a temperature
of 200 ◦C. UV–vis diffuse absorbance spectra of the samples were
taken using a PerkinElmer Lambda 900 UV–vis absorption spec-
trophotometer in the range of 300–600 nm.
2.3. Microbiological evaluation
Gram-positive Staphylococcus aureus (ATCC 6538) and Gram-
negative Escherichia coli (ATCC 25922) were chosen to conduct the
pure culture studies. First, sterile 10 ml  aliquots of Nutrient Broth
(Oxoid) and Columbia Broth (Difco) were inoculated with E. coli and
S. aureus,  respectively, and incubated overnight at 37 ◦C. Next, they
were centrifuged, washed with phosphate buffered saline (PBS) and
their concentration was  adjusted accordingly.
In order to evaluate the effect of ZnO nanopowders on the
selected bacteria, 2% (w/w) suspensions of nanopowders in M-H
broth were prepared. The effect of F-doped ZnO nanopowders on
the activity of E. coli and S. aureus was determined by evaluating the
growth of the cultures in the presence of photocatalysts (ZnO:TFA
1:1 and ZnO:TFA 1:2), compared with the growth of the culture in
medium. Unmodified ZnO nanopowder (ZnO–SG) served as the ref-
erence material. M-H  broth inoculated with bacteria only served as
positive control. All solutions were prepared using aseptic meth-
ods. For test, wells of sterile polystyrene plates were filled with
5 ml  of previously prepared solutions. Next, bacterial suspensions
were added and the final concentration in each well was  adjusted
to approximately 105 colony-forming units/ml (CFU/ml). The pre-
pared systems were divided into two groups: one was  exposed to
the source of incandescent-A light (150 W Tungsten Halogen with
emission spectrum presented in Fig. 1) and another left without
light access for a total period of 6 h. For further evaluation, samples
from both groups were taken at 0 h, 0.5 h, 1 h, 3 h and 6 h. From
the obtained bacterial culture aliquots, serial dilutions in PBS were
prepared and the number of viable cells (CFU/ml) was evaluated
using the pour plate technique. For the microbiological evaluation,
samples were tested in triplicate.
Fig. 2. XRD diffraction plots of the ZnO nanopowders.
3. Results and discussion
An ethanolic solution of zinc acetate was added to an ethano-
lic solution mixture of oxalic acid and trifluroacetic acid, which
produced a thick semi-gel. Subsequent drying at 80 ◦C in an oven
produced a dried xerogel, which was  then calcined at 500 ◦C to pro-
duce a free flowing nanopowder. There have been three batches of
powders prepared in order to evaluate the reproducibility of the
ZnO synthesis.
XRD was  employed to determine the phase composition and
the crystalline size of synthesized ZnO nanopowders. Fig. 2 shows
the XRD plots of unmodified and F-doped material. All tested sam-
ples were crystalline and their phase composition was indexed as
hexagonal- wurzite type ZnO, with characteristic peaks occurring
at 32◦, 35◦, 37◦, 48◦, 57◦, 63◦ and 68◦ according to standard PDF
card (JCPDS/ICDD 36–145). The average crystalline size estimated
from the Scherrer equation was  24 ± 5 nm.  The phase composition
of obtained powders evaluated by XRD did not change between
batches.
The results of SEM observations presented in Fig. 3 show that
the obtained nanopowders were agglomerated.
The results of the FTIR analysis (Table 1) performed on dried
xerogel and calcined powders are presented in Fig. 4. The spec-
trum of ZnO precursor dried at 80 ◦C revealed bands at ∼3500 cm−1
contributed to the presence of OH stretching bonds [24]. More-
over another distinct band originating from C H bonds has been
observed at 2936 cm−1 and symmetric and asymmetric stretch-
ing bands of acetate species at 1658 cm−1, 1319 cm−1 (COO ), and
815 cm−1 (COO ) [23]. After calcination at 500 ◦C, the intensity of
the bands associated with the presence of organic residue was sig-
nificantly reduced and a strong peak at ∼450 cm−1 attributed to
Zn O bond became apparent [23,24]. It was also noted that the peak
at 2936 cm−1 is predominant in the pure ZnO sample compared
to the F-doped samples due to the presence of unburned carbon
from the precursors. This is because the addition of TFA destabi-
lizes the zinc acetate gel-network and makes the calcination faster
for the doped samples. The gel structure with little cross-linking
is structurally fragile and thus collapses faster during calcination
[25].
UV–vis diffuse absorbance studies of all the three samples were
recorded and the band gap values were calculated. From Fig. 5, it
can be seen that the wavelength was measured at 391 nm, giving
a calculated band gap value of 3.17 eV for the sample ZnO:TFA 1:1.
Pure ZnO showed almost same absorption features with a band gap
value of 3.17 eV. However, in the case of ZnO:TFA 1:2 the band gap
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Fig. 3. SEM micrographs of ZnO nanopowders (A) ZnO; (B) ZnO:TFA 1:1, (C) ZnO:TFA 1:2.
Table 1
FTIR analysis of ZnO precursor gels dried at 80 ◦C and powders calcined at 500 ◦C.
Peak ZnO 1:1 1:2
Assignment 80 ◦C 500 ◦C 80 ◦C 500 ◦C 80 ◦C 500 ◦C
OH 3433 s 3445 vw 3450 s 3449 vw 3440 s 3449 vw
CH 2936 vw 2902 vw 2926 vw
COO 1658 vs 1652 vs 1652 vs
COO 1319 s 1327 vs 1321 vs
COO 815 s 827 s 831 s
Zn-O 451 s 459 s 411 s
Fig. 4. FTIR spectrum of precursor (A) and calcined ZnO nanopowders: ZnO:TFA 1:2
(B), ZnO:TFA 1:1 (C), ZnO (D).
Table 2
Band gap values of various ZnO samples.
Sample Wavelength (nm) Band gap (eV)
ZnO 391.2 3.17
ZnO:TFA 1:1 390.5 3.17
ZnO:TFA 1:2 393.0 3.16
calculated is slightly lower (3.16 eV), which is not significant and is
believed to be within the error limit of the measurement. A Table of
wavelength measured and the band calculated are given in Table 2.
The XPS survey spectrum of undoped material (Fig. 6A) repre-
sents the pattern typical for ZnO with the O1s and Zn2p3 peaks
located at 530.74 eV and 1021.39 eV, respectively [25]. In addition,
the peak originating from C1s is present at approximately 285 eV
in all tested samples. The spectra of the F1s region for ZnO:TFA 1:1
and ZnO:TFA 1:2 powders are presented in Fig. 6B and C. Analy-
Fig. 5. UV–vis diffuse absorbance spectra of for ZnO:TFA 1:1.
Table 3
Surface area and pore-size data of ZnO samples.
Sample name BET surface
area (m2/g)
(Error ± 1)
Pore-size (Å)
(Error ± 4)
ZnO 12 44
ZnO:TFA 1:1 11 43
ZnO:TFA 1:2 13 44
sis of both reveals component at 685 eV attributed to zinc–fluorine
bonds [26]. From the deconvolutions of F1s region, it was found that
the peaks at 684.1 and 684.4 eV are from F and the other peaks are
principally just noise as the F1s peaks are relatively small. However,
there is an increase in the height and area of the peak at 684 eV.
The ZnO powders were subjected to BET surface area analysis
and the surface area and pore-size values are given in Table 3. No
significant changes have been observed in the BET surface area or
pore-size for the doped and control samples and the values are
obtained within the error limit.
XPS (Fig. 6) was also used to perform chemical analysis and the
results are presented in Table 4. These results showed that fluorine
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Fig. 6. XPS spectra of the ZnO nanopowders. (A) Survey spectrum of undoped material, (B) and (C) Spectra of F1s region for ZnO:TFA 1:1 and ZnO:TFA 1:2 powders.
Table 4
XPS—atomic percentage composition of the ZnO nanoparticles.
Sample ID C 1s F 1s O 1s Zn 2p3
ZnO 30.40 0 36.29 33.31
ZnO:TFA 1:1 15.68 1.26 43.42 39.64
ZnO:TFA 1:2 13.73 2.56 40.46 43.25
was successfully introduced into the ZnO structure and the amount
of the dopant detected is proportional to the amount of TFA used
(1.26 at% and 2.56 at% for ZnO:TFA 1:1 and ZnO:TFA 1:2, respec-
tively). As the presence of oxygen is responsible for ROS production,
its content was also evaluated. The analysis shows that sample
ZnO:TFA 1:1 contains 43.4% of oxygen, which is higher in com-
parison with other powders (36.3% for ZnO and 40.5% for ZnO:TFA
1:2). As reported previously, the excess oxygen (as defects levels)
can be trapped in the grain boundaries of ZnO [27]. The elemental
concentrations did not vary between prepared batches.
Another major aim of this study was to perform a microbio-
logical assessment and to evaluate if the reduced particle size and
F-doping enhance the antimicrobial performance of ZnO. For quan-
titative microbiological evaluation the suspension test was used.
Prepared 2% (w/w) solutions of nanopowders in M-H  broth inoc-
ulated with pathogens were divided into two  groups. One was
exposed to visible light and another was  left without light expo-
sure for the total time of 6 h. A graph of a relative concentration of S.
aureus and E. coli as a function of time are presented in Fig. 6. More-
over, values of log reduction in bacterial population (log Red) after
6 h of experiment are presented in Table 5. The results show that
antimicrobial effectiveness of synthesized powders depends on the
microbial system, light conditions, and the type of materials used.
In this experiment all synthesized powders showed antimicrobial
properties, which was expressed by reduced bacterial population
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Table 5
Antimicrobial activity of ZnO nanopowders after 6 h of experiment presented as log reduction (log Red). log Red = log (T0)−log (T6), where log (T0) – relative cell count at the
start  of experiment (log CFU/ml), log (T6) – relative cell count after 6 h of experiment (log CFU/ml).
Sample ID
Control ZnO 1:1 1:2 Control ZnO 1:1 1:2
Light exposure Without light exposure
E. coli 0 1.83 2.88 1.78 0 1.74 1.54 1.38
S.  aureus 0 1.43 4.62 1.95 0 1.26 1.11 0.93
Fig. 7. Photographs of agar plates containing (a) Control (S. aureus), (b) Test sample (F doped ZnO 1:1, after exposure to visible light).
in comparison with controls (bacteria suspended in medium) both
for E. coli and S. aureus (Fig. 7).
Results of the test performed using E. coli are presented in Fig. 8A
and B. The growth of the microorganisms was the same under
dark and light conditions. There was no significant change in the
numbers of cells in the first hour and the numbers then increased
steadily after 3 and 6 h of incubation. The numbers of organisms
grown in the presence of unmodified ZnO nanopowders (ZnO–SG)
decreased with time for the first 3 h and then remained at that level
and was similar for both experimental conditions. A similar pattern
of growth inhibition was obtained when the organisms were grown
in the presence of F-doped powders however enhanced antimicro-
bial activity was observed when visible light was available. Among
them ZnO:TFA 1:1 was found to be more effective in comparison
with ZnO:TFA 1:2 after 6 h of experiment as presented in Fig. 6A, B
and Table 5 (log Red6h = 2.88).
When tested against S. aureus the antimicrobial performance of
all powders was similar to that when the visible light was not avail-
able (Fig. 8C); however upon light exposure powder ZnO:TFA 1:1
showed superior photocatalytic activity after 1 h, further reducing
the number of viable cells below detection limit after 6 h.
These results indicate that F-doping can increase the pho-
tocatalytic activity of obtained materials. Moreover, superior
antimicrobial properties of ZnO:TFA 1:1 powder can be explained
by its chemical composition, as among all obtained powders it con-
tains the highest content of oxygen (43.4%), which is believed to
increase the production of ROS upon irradiation.
In the current study, the antimicrobial effect of ZnO is obvi-
ous and the number of microorganisms when contacted with
nanopowders was significantly reduced when compared to the
control (cultures without contact with ZnO) sample. Furthermore
it was noted that among various ZnO powders used in the experi-
ment, powder ZnO:TFA 1:1 was the most effective against E. coli
and S. aureus when the visible light was available (log red 2.88
and 4.62, respectively). Based on the studies performed by others
[27–31], it is believed that when the light is not available, the pri-
mary toxic effect of ZnO on microorganisms can be associated with
the release of zinc ions causing disruption of the cell membrane
activity and the formation of intercellular reactive oxygen species,
mostly H2O2 [32–37]. Photocatalysts such as TiO2 or ZnO activated
by UV or/and visible light (Fig. 9) can further generate a range of
highly reactive oxygen species (ROS) such as •OH, 1O2, •O2−, •O2H,
and H2O2 [37–44] as a result of the transfer of an electron from
the valance band (VB) to the conduction band (CB). The ROS pro-
duced as a result of the photocatalytic reaction will be capable of
damaging the cell wall and can decompose the cellular materials
(Fig. 9). It is known that the holes produced during the visible light
irradiation will not have sufficient reduction potential to generate
hydroxyl radical by oxidizing water molecules [5,20,41,42]. How-
ever, less oxidative species such as superoxide anions and singlet
oxygen (1O2) are believed to be responsible for the anti-bacterial
action during the visible light induced photocatalysis [5,20].
Padmavathy and Vijayaraghavan [31] reported that hydroxyl
radicals and superoxide anion radical affect the outer part of the cel-
lular membrane, whereas H2O2 can migrate inside of bacterial cells.
Fluorine also plays an important role as it can reduce the band gap
of the photocatalyst and increase its photocatalytic performance in
the visible light region [38–41]. It is also evident from the studies
that oxygen defects play an important role in obtaining optimum
properties [40]. Therefore the antibacterial property observed for
F-doped ZnO is most likely a combination of the toxic effects of Zn
ions, oxygen excess defects, and the addition of F into the ZnO lat-
tice. The anti-microbial actions of fluorine against Gram-positive
and Gram-negative bacteria were also reported in Ref. [45]. Canal
et al. [45] investigated the antibacterial action of Ar–CF4 treated
wool, polyamide 6 and cotton fabrics using post-discharge plasma.
The F radical is reported as the main active species responsible for
antibacterial action against E. coli (Gram negative bacterium), S.
aureus (Gram positive bacterium) and C. albicans (fungus) [45]. In
a similar study, the anti-bacterial activity of diamond-like carbon
coatings doped with Si and F was reported against Klebsiella pneu-
moniae (Gram-negative). The Si and F modified coatings reduced
the bacterial adhesion by 68% at 12 h compared with stainless steel
[46]. A number of doped/co-doped photocatalytic materials were
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Fig. 8. Reduction in cell viability for E. coli and S. aureus bacteria: (A) E. coli without light access, (B) E. coli after exposure to light, (C) S. aureus without light access, and (D) S.
aureus  after exposure to light.
Fig. 9. Scheme showing the mechanism of photocatalytic antibacterial activity of ZnO.
also reported [42,47–54] to show antibacterial action. However, a
direct comparison of the efficiency of these catalysts is not possible
due to the lack of a standard testing protocol. A comparison Table
is given in Table 6.
One of the parameters that increase the antimicrobial perfor-
mance is the presence of oxygen, as it takes part in ROS formation.
Production of ROS is one of the factors that influence bacte-
rial viability; however the nanosize of the powder particles can
Please cite this article in press as: J. Podporska-Carroll, et al., Antibacterial properties of F-doped ZnO visible light photocatalyst, J.
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Table 6
Examples of photocatalytic materials employed for antibacterial applications.
Photocatalyst Dopant(s) Bacteria studied Reference
TiO2 – S. aureus, E. coli [42]
TiO2 Zn S. aureus, K. pneumonia, P.
aeruginosa, P. mirabilis and
B. subtilis
[47]
TiO2 Cu [48]
TiO2 Cu, N E. Coli and E. faecalis [49]
TiO2 C S. aureus [50]
ZnO F B. subtilis, E. coli [51]
ZnO – S. aureus, B. subtilis, E. coli,
K, pneumoniae, P.
aeruginosa
[52]
ZnO Ag, Mn,  F E. coli and K. oxytoca [53]
Ag3VO4 – S. aureus, E. coli, P.
aeruginosa, L. fermentum
[54]
affect microorganisms when the light is not readily available [49].
Due to small size and high surface-to-volume ratio, the obtained
nanopowders have enhanced antimicrobial activity since the afore-
mentioned factor allows for better interaction with bacteria. It
could be possible to develop semiconductor materials with supe-
rior antibacterial action by modifying the oxygen defects [40]. An
aqueous peroxotitania route for the synthesis oxygen rich TiO2 pho-
tocatalysts has been reported [40]. In situ generation of oxygen
during the decomposition of the peroxotitania complex resulted in
the formation of oxygen defects in anatase titanium dioxide. These
defective oxygen excess photocatalysts were characterized using
valence band (VB) XPS, XRD, Raman and photo-luminescence (PL)
spectroscopy. Excess oxygen present in the photocatalyst can per-
form as an electron trap and therefore the overall photocatalytic
activity can be improved [40]. A similar peroxo-precursor method
could potentially be employed to improve the oxygen defects in
ZnO and thereby the photocatalytic properties. A number of recent
theoretical studies on the impact of oxygen vacancies and defects
on the properties of ZnO have also been reported. For example, Lin
et al. studied the formation energy, band and lattice structures, as
well as DOS (density of states) of oxygen vacancies of various p-
type impurities such as Ag, N, K on ZnO materials [55]. Selecting
appropriate dopants to induce oxygen defects is also a desirable
way to develop highly efficient antibacterial photocatalysts.
Snega et al. [51] employed PL spectroscopy as a tool to inves-
tigate the impact of F doping in ZnO. The PL spectra exhibited a
major peak at 385 nm a shoulder at 425 nm.  The near band edge
(NBE) emission peak at 385 nm was associated with the transfer of
an electron from the CB to VB. The shoulder at 425 nm is explained
as due to the recombination of an electron from the zinc intersti-
tial (Zni) level and a hole at the VB. It was observed that the NBE
peak is broadened and the intensity is increased with the increase
in the F doping level. These results indicated the generation of sur-
face defects and consequently the number of luminescence centers.
However, the type of defect levels as a result of F doping in ZnO has
not yet been reported.
One of the challenges in using ZnO as an efficient photocata-
lyst is its ability to photo-corrode after reacting with water and UV
light. The impact of photocorrosion during a photocatalytic process
can be assessed by testing the stability of the catalyst after various
cycles of photocatalytic reaction. This is only possible in a photo-
catalytic reaction, where the catalyst can be recovered. Because of
the nature of the anti-microbial testing protocols, it is often diffi-
cult to recover the catalyst and perform various cycles of reactions.
Recent studies indicated that the photocorrosion can be eliminated
by incorporating various additives such as graphene [56–58].
In this study authors have focused on the synthesis of F-doped
ZnO, however further study can possibly lead to optimization of
the process towards increased oxygen content and better under-
standing of the mechanism responsible for increased antimicrobial
performance of F-doped nano ZnO. Further modification of the syn-
thesis procedure by controlling the annealing conditions to alter
the oxygen stoichiometry under different (e.g., reducing, inert or
oxygen rich) atmospheres can possibly lead to the formation of
materials with optimum functional properties. Results of physico-
chemical and biological testing of the doped ZnO materials indicate
that these materials will have potential application of in various
areas such as photocaltalytic environmental purification, water
disinfection, pharmaceutical effluent degradation and energy pro-
duction and conversion [5,41,43,44].
4. Conclusions
Pure and F-doped zinc oxide nanopowders were successfully
synthesized by a simple sol–gel method. XPS analysis showed that
fluorine doping of the ZnO structure was  successful and effective.
Doping of the ZnO structure enhanced the biological performance
of the material, which was  indicated by the improved antimicro-
bial properties in comparison with undoped material. Among the
obtained nanopowders, ZnO:TFA 1:1 was  the most effective against
pathogens: S. aureus (log Red = 4.62, which is equivalent to over
99.99% population reduction) and E. coli (log Red 2.88 or 99.87%)
when irradiated with light. Production of reactive oxidation species
is one of the factors that influence bacterial viability. The oxygen
excess defects in ZnO and possibly in other metal oxides (e.g., TiO2,
SnO2, Fe2O3 or Fe3O4) can lead to an improved production of ROS
and therefore the anti-bacterial and photocatalytic activity could be
further improved. When the light is not available, the toxic effect
of ZnO nanoparticles on bacteria can be due to the release of zinc
cations causing disruption of the cell wall.
Acknowledgments
The authors wish to acknowledge financial support under the
US − Ireland R&D Partnership programme from the Science Foun-
dation Ireland (SFI-grant number 10/US/I1822(T)) and U. S. National
Science Foundation-CBET (Award 1033317). The authors also thank
CREST, Focas DIT (Dr. Muhammad Morshed and Dr. Brendan Duffy),
Dublin City University (School of Biotechnology) and School of
Science, IT Sligo (Saoirse Dervin) for the laboratory facilities and
analytical assistance. D.D. Dionysiou also acknowledges support
from the University of Cincinnati through a UNESCO co-Chair Pro-
fessor position on “Water Access and Sustainability”.
References
[1] R.T. Robinson, G. McMullan, R. Marchant, P. Nigam, Bioresour. Technol. 77
(2001) 247–255.
[2] V.K. Gupta, I. Ali, T.A. Saleh, A. Nayak, S. Agarwal, RSC Adv. 2 (2012)
6380–6388.
[3] Y.G. Adewuyi, Environ. Sci. Technol. 39 (2005) 3409–3420.
[4] U.I. Gaya, A.H. Abdullah, Z. Zainal, M.Z. Hussein, J. Hazard. Mater. 168 (2009)
57–63.
[5] V. Etacheri, C. Di Valentin, J. Schneider, D. Bahnemann, S.C. Pillai, J.
Photochem. Photobiol. C 25 (2015) 1–29.
[6] C.C. Chen, J. Mol. Catal. A: Chem. 264 (2007) 82–92.
[7] M.J. Height, S.E. Pratsinis, O. Mekasuwandumrong, P. Praserthdam, Appl.
Catal. B 63 (2006) 305–312.
[8] R. Georgekutty, M.K. Seery, S.C. Pillai, J. Phys. Chem. C 112 (2008)
13563–13570.
[9] S.C. Pillai, J.M. Kelly, D.E. McCormack, R. Ramesh, J. Mater. Chem. 1 (2013)
3268–3281.
[10] S.C. Pillai, J.M. Kelly, D.E. McCormack, R. Ramesh, J. Mater. Chem. 18 (2008)
3926.
[11] Z.L. Wang, J. Phys.Condens. Matter 16 (2004) 829–858.
[12] H.Y. Yang, S.P. Lau, S.F. Yu, A.P. Abiyasa, M.  Tanemura, T. Okita, H. Hatano,
Appl. Phys. Lett. 89 (2006) 131041–131044.
[13] M.K. Kavitha, S.C. Pillai, P. Gopinath, H. John, J. Environ. Chem. Eng. 3 (2015)
1194–1199.
Please cite this article in press as: J. Podporska-Carroll, et al., Antibacterial properties of F-doped ZnO visible light photocatalyst, J.
Hazard. Mater. (2016), http://dx.doi.org/10.1016/j.jhazmat.2015.12.038
ARTICLE IN PRESSG ModelHAZMAT-17317; No. of Pages 9
J. Podporska-Carroll et al. / Journal of Hazardous Materials xxx (2016) xxx–xxx 9
[14] J. Schneider, M. Matsuoka, M.  Takeuchi, J. Zhang, Y. Horiuchi, M.  Anpo, D.W.
Bahnemann, Chem. Rev. 114 (2014) 9919–9986.
[15] A.L. Linsebigler, G. Lu, J.T. Yates, Chem. Rev. 95 (1995) 735–758.
[16] S. Banerjee, D.D. Dionysiou, S.C. Pillai, Appl. Catal. B 176–177 (2015) 396–428.
[17] M.  Cho, H. Chung, W.  Choi, J. Yoon, Water Res. 38 (2004) 1069–1077.
[18] B. Liu, M.  Gu, X. Liu, S. Huang, C. Ni, Appl. Phys. Lett. 97 (2010)
122101–122104.
[19] S. Gunalan, R. Sivaraj, V. Rajendran, Prog. Nat. Sci. 22 (2012) 693–700.
[20] D.A. Keane, K.G. McGuigan, P.F. Ibán˜ez, M.I. Polo-López, J.A. Byrne, P.S.M.
Dunlop, K. O’shea, D.D. Dionysiou, S.C. Pillai, Catal. Sci. Technol. 4 (2014) 1211.
[21] D. Sharma, J. Rajput, B.S. Kaith, M.  Kaur, S. Sharma, Thin Solid Films 519
(2010) 1224–1229.
[22] B.D. Cullity, S.R. Stock, Elements of X-Ray Diffraction, Prentice Hall, Upper
Saddle River, 2001.
[23] S.C. Padmanabhan, D. Ledwith, S.C. Pillai, D.E. McCormack, J.M. Kelly, J. Mater.
Chem. 19 (2009) 9250–9259.
[24] M.K. Seery, R. George, S. Folis, S.C. Pillai, J. Photochem. Photobiol. A 189 (2007)
258–263.
[25] N.T. Nolan, M.K. Seery, S.C. Pillai, J. Phys. Chem. C 113 (2009) 16151–16157.
[26] X. Wang, F. Zhao, P. Xie, S. Liang, S. Deng, N. Xu, Opt. Commun. 276 (2007)
186–190.
[27] Y.J. Kim, H.J. Kim, Mater. Lett. 41 (1999) 159–163.
[28] Y. Xie, Y. He, P.L. Irwin, T. Jin, X. Shi, Appl. Environ. Microb. 77 (2011)
2325–2331.
[29] R. Brayner, Nano Lett. 6 (2006) 866–870.
[30] N. Jones, B. Ray, K.T. Ranjit, A.C. Manna, FEMS Microbiol. Lett. 279 (2008)
71–76.
[31] N. Padmavathy, R. Vijayaraghavan, Sci. Technol. Adv. Mater. 9 (2008) 1–7.
[32] V.P. Utgikar, H.H. Tabak, J.R. Haines, R. Govind, Biotechnol. Bioeng. 82 (2003)
306–312.
[33] M.  Paulsson, V. Mansson, H. Blanck, Aquat. Toxicol. 56 (2002) 103–113.
[34] H. Babich, G. Stotzky, Appl. Environ. Microbiol. 36 (1978) 906.
[35] J.S. Mcquillan, A.M. Shaw, Biosens. Bioelectron. 51 (2014) 274–279.
[36] J. Zeng, L. Yang, W.X. Wang, Aquat. Toxicol. 91 (2009) 212–220.
[37] M.  Pelaez, N.T. Nolan, S.C. Pillai, M.K. Seery, P. Falaras, A.G. Kontos, P.S.M.
Dunlop, J.W.J. Hamilton, J. Byrne, K. O’shea, M.H. Entezari, D.D. Dionysiou,
Appl. Catal. B 125 (2012) 331.
[38] J.C. Yu, J. Yu, W.  Ho, Z. Jiang, L. Zhang, Chem. Mater. 14 (2002) 3808–3816.
[39] H.Y. Xu, Y.C. Liu, R. Mu,  C.L. Shao, Y.M. Lu, D.Z. Shen, X.W. Fan, Appl. Phys. Lett.
86 (2005) 3–123107.
[40] V. Etacheri, M.K. Seery, S.J. Hinder, S.C. Pillai, Adv. Funct. Mater. 21 (2011)
3744–3752.
[41] R. Fagan, D.E. McCormack, D.D. Dionysiou, S.C. Pillai, Mater. Semicond.
Process. 42 (2015) 2–14, http://dx.doi.org/10.1016/j.mssp.2015.07.052.
[42] J. Podporska-Carroll, E. Panaitescu, B. Quilty, L. Wang, L. Menon, S.C. Pillai,
Appl. Catal. B 176–177 (2015) 70–75.
[43] T.K. Rahul, N. Sandhyarani, Nanoscale 7 (2015) 18259.
[44] S.G. Ullattil, P. Periyat, Nanoscale 7 (2015) 19184.
[45] C. Canal, F. Gaboriau, S. Villeger, U. Cvelbar, A. Ricard, Int. J. Pharm. 367 (2009)
155–161.
[46] D.W. Ren, Q. Zhao, A. Bendavid, Surf. Coat. Technol. 226 (2013) 1–6.
[47] A. Arunachalam, S. Dhanapandian, C. Manoharan, G. Sivakumar, Spectrochim.
Acta A 138 (2015) 105–112.
[48] S. Rtimi, S. Giannakis, R. Sanjines, C. Pulgarin, M.  Bensimon, J. Kiwi, Appl.
Catal. B 182 (2016) 277–285.
[49] M.B. Fisher, D.A. Keane, P. Fernández-Ibánez, J. Colreavy, S.J. Hinder, K.G.
McGuigan, S.C. Pillai, Appl. Catal. B 130–31 (2013) 8–13.
[50] V. Etacheri, G. Michlits, M.K. Seery, S.J. Hinder, S.C. Pillai, ACS Appl. Mater.
Interface 5 (2013) 1663–1672.
[51] S. Snega, K. Ravichandran, M.  Baneto, S. Vijayakumar, J. Mater. Sci. Technol. 31
(2015) 759–765.
[52] G. Patrinoiu, J.M. Calderón-Moreno, C.M. Chifiriu, C. Saviuc, R. Birjega, O. Carp,
J.  Colloid Interface. Sci. 462 (2016) 64–74.
[53] K. Ravichandrana, P. Sathish, B. Muralidharan, B. Sakthivel, K. Swaminathan,
A.  Panneerselvam, G. Muruganandam, Ceram. Int. (2015), http://dx.doi.org/
10.1016/j.ceramint.2015.10.031.
[54] T.A. Vu, C.D. Dao, T.T.T. Hoang, P.T. Dang, H.T.K. Tran, K.T. Nguyen, G.H. Le, T.V.
Nguyen, G.D. Lee, Mater. Lett. 123 (2014) 176–180.
[55] X. Si, Y. Liu, X. Wu,  W.  Lei, J. Xu, W.  Du, T. Zhou, J. Lin, Mater. Des. 87 (2015)
969–973.
[56] Z. Chen, N. Zhang, Y.J. Xu, CrystEngComm 15 (2013) 3022–3030.
[57] L. Zhang, H. Cheng, R. Zong, Y. Zhu, J. Phys. Chem. C 113 (2009) 2368–2374.
[58] Y. Penga, J. Ji, D. Chen, Appl. Surf. Sci. 356 (2015) 762–768.
